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Abstract 
The use of gold nanoparticles for hyperthermia therapy in near infrared (NIR) spectral 
regions has catalysed substantial research efforts due to the potential impact in clinical therapy 
applications. However, the photoscattering effect scaling with the square of the nanoparticle 
volume leads to a low absorption efficiency, which has hindered the utility of gold nanoparticles 
in NIR II regions above 1000 nm. Here, we conquer this limit by introducing hyperbolic 
metamaterial nanoparticles that are made of multi-layered gold/dielectric nanodisks and exhibit 
>70% absorption efficiency in the NIR II and III regions. Their high light-to-heat conversion is 
demonstrated by a much larger temperature increase than that of gold nanodisks with the same 
amount of gold. Efficient in vitro hyperthermia of living cells with negligible cytotoxicity 
shows the potential of our approach for next-generation bio-medical applications.    
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Introduction 
Over the last decade, photoreactive nanoparticles for bio-medical applications1 have 
received significant attention due to their unique optical properties and their potential use in 
next generation theragnostic biotechnologies, such as photothermal therapy2-3, photoacoustic 
imaging4-5 and drug delivery6. Photothermal therapy, which exploits localized heat converted 
from near infrared (NIR) light, has been demonstrated to be a very promising low-invasive 
treatment for cancer cell ablation and theranostic applications.7-12 Optical transparency 
windows for biological applications, such as NIR I and NIR II (located in the spectral ranges 
of 650-950 nm and 1000-1350 nm, respectively), provide optimal tissue treatment conditions.13 
In particular, the NIR II window offers more efficient penetration and less photon scattering in 
biological tissues; therefore, it is more preferred for photothermal therapy and photoacoustic 
imaging.14-16 More recently, a third transparency window (NIR III) at 1600-1870 nm is 
emerging due to its deeper penetration depth and lower photon scattering in various types of 
tissues, including the brain.17-18 
In this framework, intensive research efforts have been made to design novel materials 
and architectures that can be used as transducers to provide highly efficient light to heat 
conversion processes. Toward this aim, it is necessary to maximize absorbance in the NIR 
windows while limiting the scattering effects, which decrease the light-to-heat conversion 
efficiency.19-20 Many examples of materials responsive in the NIR spectral region can be found, 
including copper sulfide-based materials12, carbon nanotubes,21 gold nanoparticles22, silver 
nanoplates,23 and polymer-based particles.24 Among them, plasmonic gold nanoparticles 
represent a primary choice due to their biocompatibility and enhanced absorbance at their 
localized surface plasmon resonance (LSPR) wavelength in the NIR I window.2, 25-26 Their 
LSPR can be tuned by modifying their sizes and/or geometry to match the illumination 
wavelength for an optimized hyperthermia performance.27  
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However, gold nanoparticles face intrinsic limitations in the NIR II and III regions when 
they tune the LSPR to a long wavelength by increasing their sizes.22, 28  For example, for 
nanospheres that are smaller than the illumination wavelength, their absorption scales with their 
volume (V), whereas their the scattering scales with V2.29-30 Consequently, the scattering effect 
is dominant over the absorption for large nanoparticles, leading to low absorption efficiencies 
in the NIR II and III regions. Therefore, their application in the NIR II window is limited to few 
examples, including Au nanoshells,13 nano nanoechinus,31 and Au blackbody.22 Nanoparticles 
operated at the NIR III window are reported even less. Alternative structure designs and 
fabrication approaches to conquer this limit are desirable in order to have a high absorption 
efficiency in the NIR II and III bands.  
In this paper, we demonstrate that hyperbolic metamaterial (HMM) nanoparticles are 
high-efficient transducers in photothermal treatments in the NIR II and III windows. Their 
hyperbolic nature32 enables a high confinement of the electric field within the nanostructures, 
which leads to a high absorption efficiency.33 As a result, the light-to-heat conversion efficiency 
is increased with respect to conventional nanostructures made of the same amount of gold, thus 
making this class of metamaterials a promising candidate for photothermal applications. For 
simplicity, we will refer to these materials as hyperbolic meta-particles (HMPs). In vitro 
experiments are also conducted to demonstrate the superior hyperthermia performance of 
HMPs, which do not show cytotoxic effects, over gold nanodisks. Moreover, the pure 
absorption of the HMPs in the NIR III region suggests its potential in next generation light-to-
heat transducers, photothermal therapy and photoacoustic imaging.    
Materials and Methods 
Simulations 
To evaluate the optical and thermal responses of our meta-particles, we performed steady-state 
simulations with COMSOL®. For the electromagnetic simulations we used the RF Module. 
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The refractive index values of gold were taken from literature.34 The refractive index values for 
the oxide were set to n = 1.5 and k = 0.7. We considered a simulation region where we specified 
the background electric field (a linearly polarized plane wave with an irradiance of 0.1 
mW/µm2), and then calculated the scattered field by a single meta-particle to extract the optical 
parameters, such as the absorption and scattering cross sections. The model computes the 
scattering, absorption and extinction cross-sections of the particle on the substrate. The 
scattering cross-section is defined as  =

	
∬ ∙  , where  is the intensity of the 
incident light,  is the normal vector pointing outwards from the nanodot and  is the Poynting 
vector. The integral is taken over the closed surface of the meta-antenna. The absorption cross 
section equals  =

	
∭ , where   is the power loss density of the system and the 
integral is taken over the volume of the meta-antenna. The simulated steady-state temperature 
distribution reached under irradiation of 0.1 mW/µm2 was retrieved using the COMSOL 
Multiphysics “Heat Transfer in Solids” module. For the glass substrate, a thermal conductivity 
of 1 Wm-1K-1 was considered, and the surrounding medium was assumed to be air. The baseline 
temperature of all simulations was ambient temperature. 
HMM nanoparticle fabrication 
HMPs were prepared via inductively coupled plasma (ICP) etching of the gold/silica 
multilayers using the Cr disk as a mask fabricated by hole mask colloidal lithography.35 The 
flow chart of the fabrication process in shown in Figure S1. The microscope glass slides were 
first cleaned by sonicating in acetone and 2-propanol for two minutes each, and then the slides 
were washed with deionized water (DI water) and blow dried under an N2 flow. Then, the glass 
slides were loaded into an electron beam deposition chamber (Ebeam, PVD75 Kurt J. Lesker 
company) to deposit the stacking Au/SiO2 metal dielectric bi-layer consisting of 2 nm Ti + 10 
nm Au and 2 nm Ti + 20 nm SiO2. The deposition of the bi-layer units were repeated four times 
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to achieve fabrication of the multilayers. On the top of the multilayers, photoresist (950 PMMA 
A8, Micro Chem) was spin coated at 6000 rpm and soft baked at 180°C for 1 min. After O2 
plasma treatment (2 min, 100 W, Plasma cleaner, Gambetti), Poly(diallyldimethylammonium 
chloride) solution (PDDA, Mw 200,000-350,000, 20 wt. % in H2O, Sigma, three times diluted) 
was drop coated and incubated for 5 min to create a positively charged polymer layer. Then, 
the extra PDDA solution was washed away under flowing DI water. Then, negatively charged 
polystyrene (PS) beads (diameter 552 nm, 5 wt% water suspension, Micro Particle GmbH) were 
drop-coated on the as-prepared multilayers, washed under flowing DI water and dried with an 
N2 flow. Therefore, randomly distributed PS beads were attached on the top of photoresist. The 
density of beads can be controlled by the deposition time and beads concentration. The beads 
size can be reduced by O2 plasma etching in the inductively coupled plasma-reactive ion etching 
system (ICP-RIE, SENTECH SI500). Gold film (40 nm) was sputter coated (Sputter coater, 
Quorum, Q150T ES) on top of the sample to serve as an etching mask to protect the photoresist 
underneath. After removal of the PS beads by a polydimethylsiloxane (PDMS) film, the 
samples were treated again by O2 plasma in an ICP-RIE system to remove the photoresist. The 
diameter of the holes was controlled by adjusting the size of the PS beads by a variable O2 
plasma treatment time. With the hole mask, 100 nm of chromium (Cr) was deposited in the 
Ebeam system with a vertical incident angle. After photoresist lift-off in acetone, randomly 
distributed Cr disks on the stacking multilayer were fabricated as a final etching mask of the 
multilayers. ICP-RIE etching was conducted with a CF4 gas flow of 15 sccm, a radio frequency 
(RF) power of 200 W, an ICP power of 400 W, a temperature of 5°C, and a pressure of 1 Pa. 
The etching time was adjusted according to the stacking film thickness to ensure all the extra 
Au and SiO2 was removed. Then, the Cr was removed by soaking the sample in Cr etchant 
(Etch 18, Organo Spezial Chemie GmbH) for 2 min. After cleaning with DI water and drying 
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under an N2 flow, the sample morphology was characterized by scanning electron microscopy 
(SEM).  
To fabricate a control sample of the gold nanodisks, hole masks with the same hole density and 
diameter as the HMPs were fabricated directly on the glass substrate. Through the mask, 40 nm 
of Au were deposited with 2 nm Ti as an adhesion layer at the bottom. After lift-off in acetone, 
the gold nanodisk array supported by a glass substrate with the same amount of the gold as the 
HMPs was obtained. 
Optical characterization 
 
A UV-vis- near infrared spectrophotometer (Cary 5000, US) with an integrating sphere detector 
was used to detect the independent contributions of the scattering and absorption to the 
extinction according to the literature.36-37 Forward scattering (FS) and backward scattering (BS) 
signals, which composed the scattering signals (S = FS + BS), were measured separately as 
follows. The FS signals were collected by placing the sample on a front port with the HMP 
structure facing the interior of the integrating sphere and the back port of the integrating sphere 
left open. The BS signals were collected by placing the sample at the back port with the front 
port open. The transmission (T) signals containing the absorption (A) and BS were collected 
by placing the sample at the front port but with a standard white board with 100% reflection at 
the back port. Therefore, A was obtained by A = T – BS.  
Evaluation of the photothermal response 
The temperature increase of the substrate with HMPs was measured by illuminating a 1064 nm 
laser (pulse length 8 ps, repetition rate 80 MHz) onto the samples with 200 mW power and a 5 
mm spot diameter. A thermal camera (Fluke Ti200) was used to monitor the temperature 
increase of the substrate. The starting temperature is the room temperature. The temperature 
changes were recorded with an interval of 15 s.  
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Cell culture 
NIH-3T3 cells were cultured on both the substrate with HMPs and the gold nano disk control 
sample. Before seeding the cells, 20 min of UV irradiation was performed in a laminar-flow 
hood to sterilize the substrate. Subsequently, NIH-3T3 cells were seeded on the devices at a 
concentration of 0.7 × 104 cells/cm2 and incubated at 37°C in a 5% CO2 atmosphere for 24 h in 
DMEM with 1% pen/strep antibiotics and 10% foetal bovine serum (Sigma Aldrich).  
Cell ablation 
Before the cell ablation test, each substrate with cells on top was transferred to a glass bottom 
petri dish with culture medium. Calcein-AM and propidium iodide (PI) (Sigma Aldrich) were 
added to perform a live/dead test. A 1064 nm laser (pulse length 8p s, repetition rate 80 MHz), 
was focused on the substrate with a power of 200 mW and a diameter of 350 µm. After 5 min 
of laser illumination, images of the live and dead cells were collected from the bottom side of 
the sample with a 10× objective. 
 
Results and Discussion 
We first designed a meta-particle to maximize the optical absorption at 1064 nm while 
maintaining low scattering. Absorption efficiency is defined as: QAbs =A/(A+S)=A/E, where A 
indicates the absorption, S indicates, the scattering and E indicates the total extinction.18 Since 
QAbs is proportional to the heat conversion efficiency (see Supplementary Information S1 for 
details), the latter variable is widely used to evaluate the heat generating ability of nanoparticles 
12, 25, 38; additionally, increasing the absorption efficiency will improve the heat conversion 
performance of the nanoparticles.  
Toward this aim, we firstly designed the sample working in the NIR II window with the help 
of numerical simulations, which were implemented using a finite element method (see Methods 
for more details). As indicated in Figure 1(a), the main concept is as follows: by dividing a gold 
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plasmonic disk into small slices and separating these slices with a dielectric material, one can 
actually increase the absorption cross section of the system by almost one order of magnitude. 
Meanwhile, the scattering cross section is reduced by at least a factor of 2.5. Therefore, the 
absorption efficiency of the HMP can also be increased significantly, as shown in Figure 1(b). 
This is possible because the intrinsic multi-layered structure of the HMPs can be modified to 
fully control the scattering and absorption ratio.33 
 
 
Figure 1. Concept of the HMP: starting from a pure gold nanodisk (a, left panel) with a strong 
scattering cross section (b, left panel), a hyperbolic nanodisk with the same amount of gold but 
nanostructured in a different way (4 bilayers of gold/silica, a, right panel) can increase the 
absorption cross section (blue line), decrease the scattering cross section (red line) and 
increase the absorption efficiency (black dashed line) (b, right panel).  
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Remarkably, the designed system shows an absorption efficiency that constantly growing the 
NIR II and III, reaching a value of 80%. Guided by the simulation results, HMP samples 
composed of four Au(10 nm)/SiO2 (20 nm) bilayers (Figure 2) were fabricated by employing 
the top down etching method (see Methods and Figure S1). Our method allows for large-area 
fabrication and an optimal homogeneous distribution of the HMPs on the glass substrate. A Ti 
(2 nm) adhesion layer was added between the Au and SiO2 to maintain the rod shape. The HMPs 
were strong enough to maintain their shape after soaking in phosphate-buffered saline for 24 h 
(Figure S2). As control samples for a performance comparison, we also fabricated gold 
nanodisks with the same amount of metal (thickness 40 nm) on a glass substrate with diameters 
and densities similar to the HMPs (Figure S3).  
 
Figure 2. (a) and (b) SEM images of the four bilayer HMPs on the glass substrate. The scale 
bars are 300 nm and 10 µm respectively. 
 
To validate the proposed approach, the absorption and scattering spectra of the HMP particles 
and gold nanodisks on the glass substrates were measured with a UV-VIS-NIR 
spectrophotometer with an integrating sphere (see Methods). We chose an average diameter of 
230 nm (top disk of the particle) in order to have the absorption peak of both samples be 
approximately 1064 nm, which is close to the wavelength of the laser for the hyperthermia test. 
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As shown in Figure 3(a) and (b), The experimental absorption of the HMPs is more than twice 
that of the pure gold disk in the NIR II window, and the scattering is lower, leading to a higher 
absorption efficiency. The high absorption of the HMPs is due to the enhanced electric field 
between the gold layers, which is confined inside the HMP instead of being scattered away 
(Figure 3(d)). In contrast, such confinements do not appear inside the gold nanodisks, even 
though the electric field of the gold nanodisks is stronger (Figure 3(b)).  
 
Figure 3. Experimentally measured Absorption (blue line), Scattering (red line), Extinction 
(purple line) and Absorption efficiencies (black dashed line) spectrum of (a) gold disks and (b) 
4 bi-layer HMPs, respectively. (c) and (d) are simulated near-field distributions of the gold disk 
and 4 bi-layer HMP, respectively, with an electric intensity enhancement |E/E0|2 at a 
wavelength 1064 nm. 
 
 11 
 
The HMPs displays pure broad-band absorption in the NIR III window. The scattering of the 4 
bi-layer sample is near zero at wavelengths larger than 1500 nm, leading to a high absorption 
efficiency close to unity at the NIR III window. The absorption of incident optical energy is 
still lower (12 – 20%) than the LSPR-enhanced absorption (28 – 40%) in the NIR II region. 
Nevertheless, by changing the thickness and number of the gold/dielectric layer, the HMP 
LSPR can be tuned to the NIR III region and shows enhanced absorption.33 Based on the high 
absorption of the HMPs, we expect a large temperature increase for the HMPs at the NIR II 
windows. The light-induced temperature increase of nanoparticles is proportional to the 
adsorption:39  
∆T ∝
IA
nC
 
where I0 is the incident light intensity, n is the number of nanoparticles in the light spot, and C 
is the heat capacity of the nanoparticles. To evaluate the thermal response of the system, a 
temperature increase test was performed in the atmosphere under laser illumination (λ=1064 
nm, power=200 mW, spot diameter 5 mm, power density ∼1 W/cm2). As shown in Figure 4(a), 
after 3 min of irradiation, the HMPs reached a temperature increase of 16°C against an increase 
of only 2°C shown by the gold nanodisk control sample. Hence, the HMP system provides a 
temperature increase 8 times higher than that of the gold disks systems under the same 
conditions. Simulated near-field maps of the temperature increase show 5-fold enhancement of 
the HMP (Figure 4(b)) over the gold nanodisk (Figure 4(c)). The simulations qualitatively agree 
with the experiments, and its difference from the experiment might come from the far-field 
measurement setup of temperature (see Methods), as well as the dissipation and convection in 
the measurements. In Figure 4(d), we plot the magnetic field enhancement as well as the current 
density. As can be inferred by looking at this figure, a strong current is circulating on the x-y 
plane on the top of the HMP, thus inducing a strong magnetic field enhancement. These 
nanoscale optical features lead to a higher temperature increase. Moreover, while the 
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temperature distribution of the gold nanodisk is homogeneous around the disk, the HMP 
exhibits a high temperature increase on the top side of the structure due to a magnetic field 
enhancement. Such feature will be useful for hyperthermia applications, as shown below.  
 
Figure 4. (a) Experimental temperature increase and decrease with time on the substrate with 
gold disks and HMPs under 1064 nm laser illumination. At 180 s, the laser was turned off. 
Calculated steady-state temperature increase of (b) a gold disk on glass and (c) the HMP on 
the glass substrate upon laser (λ=1064 nm) illumination. (d) Corresponding near-field 
distribution of the magnetic field enhancement and current density J in HMP, calculated at 
1064 nm. 
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To validate the in vitro hyperthermia performance of the HMPs, we conducted cell ablation 
tests on substrates with both the HMPs and gold nanodisks by culturing the cells on the top of 
a substrate patterned with either HMPs or gold nanodisks. This way, a rapid characterization 
can be performed to avoid the potential problems of cell-nanoparticle interaction, such as 
endocytosis. Considering that, being a very first characterization of this nanomaterial we still 
don not know how these nanosystems interacts with cells. For instance, a higher spontaneous 
cellular uptake with respect to standard gold disks may produce a higher cell mortality, causing 
misleading interpretations (performance over- or under-estimation). Hence, we decided to use 
a more conservative approach. After 24 h of cell cultivation, the NIH-3T3 cells grew well on 
the HMPs, and most of the cells remained alive; thus, the HMP did not show any obvious 
cytotoxicity. In the cell ablation test, the incident laser power was 200 mW and was focused to 
a spot size of 350 µm within the field of the microscope camera monitoring area at a density of 
200 W/cm2. After 5 min of laser illumination, the cells on the gold nanodisk remained almost 
unchanged (Figure 5(a)), whereas those on the HMPs within the laser spot area were mostly 
dead (Figure 5(b)). With the same amount of gold, the HMPs demonstrated a much better 
hyperthermia performance than the pure gold nanodisks due to the strong absorption of light in 
the NIR II window.  
 14 
 
 
Figure 5 NIH-3T3 cell ablation test on the substrate. After 5 min of laser irradiation, the cells 
on (a) the gold nano disks stayed almost unchanged; however, cells on (b) the HMPs were 
almost dead within the laser spot. 
 
We remark the importance of introducing this novel class of optical material into bio-related 
fields and medical applications. In fact, their optical properties can be widely manipulated in 
order to achieve the desired effect in opposition to conventional nanostructures, which offer 
less flexibility. Similar concepts can be exploited for antennas or nanostructures that are more 
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sophisticated than a simple gold disk, such as multi-core shell nanoparticles40, nano-rods, or 
nanoprisms. Importantly, these composite materials can be further engineered to manipulate 
not only the optical properties but also the mechanical and chemical ones. For instance, soft 
polymers can replace the dielectric layers, thus realizing a multi-composite nanoparticle. Drugs 
or other biomolecules can be loaded into the polymeric material and released upon dissolution. 
Release can even be triggered on demand upon light stimulation. Additionally, it would be 
interesting to investigate the biological response to such multi-layered structures and to 
determine if (and eventually, how) the cells recognize/respond to nano-objects that present 
periodicity41 42, e.g., nanomaterials with alternating physico-chemical parameters (for instance, 
hydrophobic/hydrophilic layers).  
 
Conclusion 
In summary, we showed that multi-layered nanomaterials can provide a straightforward 
approach to enhancing optical absorption while minimizing the scattering throughout all of the 
NIR bands. As result, both the absorption efficiency and light-to-heat conversion efficiency are 
strongly amplified. We designed, fabricated and characterized HMP nanostructures with 
resonance centred at approximately λ=1064 nm, which is the excitation wavelength available 
in our setup. In that spectral range (NIR II), when using HMPs, the light-to-heat conversion 
efficiency is enhanced by a factor of 8 with respect to its conventional counterpart (gold disk). 
Importantly, the system can be easily designed to work at even longer wavelengths, thus 
accessing the NIR III region, which is the most promising spectral range for many medical 
applications. Within this context, we conducted a preliminary evaluation of how cells (NIH-
3T3) grow on multi-layered structures, and we did not find any cytotoxic effect. Successful 
hyperthermia treatments were achieved in comparison with standard gold disks. The optical 
response of these systems relies on the hyperbolic behaviour of the dispersion relation. 33, 40 The 
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latter can be widely manipulated in order to achieve the desired effect, and similar concepts can 
be exploited for antennas or nanostructures that are more sophisticated than a simple gold disk. 
Importantly, this new class of multi-composite nanosystems may enable the exploration of 
novel mechanical and chemical properties that are not achievable with conventional 
nanostructures. Among them, novel systems that combine hyperthermia and drug delivery can 
be foreseen. Hence, we think that this work can pave the way for the exploitation of hyperbolic 
metamaterials in still unexplored biological and medical contexts, which include photoacoustic 
imaging, thermal therapy and the controlled release of drugs and biomolecules.  
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Figure S1. Fabrication flow chart of HMM Particles 
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Figure S2. HMM NPs after soaking in phosphate-buffered saline for 24 h. 
 
 
Figure S3. SEM image of gold disks on glass. 
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S1. Absorption Efficiency and Heat Conversion Efficiency 
Absorption efficiency (QAbs) is defined as:18 
Q !" =
 
 #$
=
 
%
                (1) 
in which A indicates the absorption, S indicates the scattering, and E indicates the extinction. 
 
The heat conversion efficiency is widely used to indicate the nanoparticle performance and can 
be defined as: 12, 19, 25, 38 
η =
'
(		–	+,-.
        (2)                                  
in which P is the heat generated by the nanoparticles, I0 is the incident light intensity and Abs 
is the absorbance. The relation between absorbance and transmission is: 
Abs = − log

	
= − log 5      (3) 
in which I is the transmitted light energy, I0 is the incident light energy and T is transmission. 
Considering 6 = 1 − 5 = 1	–	109:, combine equation (2) and (3): 
η =
'
(		–	+,-.
=
'
(	%
            (4) 
The light-induced temperature rise of nanoparticles is proportional to the adsorption as:39  
∆T ∝
(	 
;<
           (5) 
in which I0 is the incident light intensity, n is the number of nanoparticles in the light spot, and 
C is the heat capacity of the nanoparticles. Accordingly, the heat generated by the nanoparticle 
within the laser spot is:  
P ∝ nC∆T            (6) 
Therefore, 
P ∝ IA	            (7) 
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Thus, it is obvious that the heat is actually contributed to by the light absorption of the 
nanoparticles. Combining (4) and (7): 
η =
'
(	%
∝
 
%
          (8) 
With the definition of QAbs, we obtain: 
η ∝ Q:          (9) 
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